Abstract Sugarcane (Saccharum species hybrid) is the major source of sugar ([ 80% sugar) in the world and is cultivated in more than 115 countries. It has recently gained attention as a source of biofuel (ethanol). Due to genomic complexity, the development of new genomic resources is imperative in understanding the gene regulation and function, and to fine tune the genetic improvement of sugarcane. In this study, a cDNA library was constructed from mature leaves so as to develop ESTs resources which were further compared with nucleotide and protein databases to explore the functional identity of sugarcane genes. The non-redundant ESTs (unigenes) were categorized into 18 metabolic functions. The major categories were bioenergetics and photosynthesis (4%), cell metabolism (5%), development related protein (3%), membrane-related, mobile genetic elements (5%), signal transduction (2%), DNA (1%), RNA (1%) and protein (2%) metabolism, other metabolic processes (3%), transcription factors (1%), transport (4%) and proteins related to stress/defense (4%). From 540 unique ESTs, 212 simple sequence repeats were identified, of which 206 were from 463 singlets and six were mined from 77 contig sequences. A total of 540 unique EST sequences were used for SSR search of which 97 (17.9%) contained specified SSR motifs, generating 212 unique SSRs. The genes characterized in this study and the EST-derived microsatellite markers identified from the cDNA library will enrich genomic resources for association-and linkage-mapping studies in sugarcane.
Introduction
Sugarcane (Saccharum species hybrid) is the major source of sugar in the world fulfilling [ 80% of world sugar requirement. In the year 2014, globally, sugarcane crop occupied around 27.1 million hectares and produced nearly 1.89 billion tonnes of canes and 178.9 million tonnes of sugar (in 2013) (FAOSTAT 2016) . Globally, Brazil ranks first in acreage and has * 21% share in world sugar production, followed by India (16%), Europe (9%), China (7%), Thailand (6%) and USA (5%) (FAOSTAT 2016) . Additionally, Brazil also produced 86 billion liters of ethanol in the year 2011 from sugarcane. India, with 25.1 million metric tonnes sugar production, is a key player in world sugar economics (FAOSTAT 2016) . In recent past, sugarcane research has come to the limelight when ethanol derived from cane molasses was exploited as a renewable biofuel source, turning sugarcane into a global commodity with great economic potential. In fact, much of the sugarcane in Brazil is now diverted for the production of the green fuel, ethanol (www.sugarcane.org).
The present-day cultivated sugarcane is a result of interspecific hybridization involving Saccharum officinarum, S. spontaneum, and other related genera. Due to Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12298-018-0563-y) contains supplementary material, which is available to authorized users. such multispecies origin, sugarcane possesses one of the most complex plant genomes. Cultivated sugarcane is a complex heteropolyploid (octoploid) and due to the operation of female restitution, chromosome number in hybrids ranges from 108 to 120 (D'Hont et al. 1996) and commensurately have large DNA content (7440 Mbp). Such massive genome organization infers that each single-copy gene is represented at least by around eight alleles, each of which potentially corresponds to a distinct sequence haplotype. Interspecific origin, cytogenetic complexities, large genome size, complex polyploidy and heterozygosity in sugarcane make varietal development a long drawn process of 12-15 years but clonal propagation helps to maintain its fine identity (Stevenson 1965) .
The complexity of sugarcane genome is a bottleneck in terms of efforts and investments that have been put forth in the development and application of molecular genetic tools for improvement of this crop. The Brazilian effort (SUCEST) has become the milestone in generating 237,954 high-quality ESTs from 26 cDNA libraries derived from different sugarcane tissues (Vettore et al. 2003) . This contributed significantly in the understanding of complexity in sugarcane genome. With the advancement of molecular biology, much more relevant novel techniques have become available which can be gainfully utilized to unravel the complexities of sugarcane genome. Expressed sequence tag (EST) is one such tool to access the genes of economically important traits of sugarcane. Interestingly, ESTs have also been proven a cheaper resource for identification of novel microRNAs as a key regulator in posttranscriptional regulation in sugarcane (Khan et al. 2014 ).
In the case of sugarcane, significant advancement has been made in recent years for identification of molecular markers associated with traits of economic importance, e.g., sucrose content, red rot resistance, rust resistance, number of millable canes and high yield (Aitken et al. 2006; Costet et al. 2012; Da Silva and Bressiani 2005; Jordan et al. 2004; Singh et al. 2013 Singh et al. , 2016 . In the absence of complete genome sequence information of sugarcane, high-throughput transcriptome sequencing has been employed to understand the genes involved in complex biological processes. Significant progress has been made in the EST data enrichment by different countries especially Brazil and India (Gupta et al. 2010; Vettore et al. 2003) . The Brazilian sugarcane EST project (SUCEST) generated 237,954 ESTs from 26 diverse cDNA libraries, which have been utilized to identify different gene functions (Vettore et al. 2003) . The identified ESTs relate to photoreceptor genes, DNA repair genes, genes for cell cycle machinery, flowering-specific genes, molecular chaperones, oxidative stress-related genes, etc. (Andrietta et al. 2001; Borges and Ramos 2001; Costa et al. 2001; Dornelas and Rodrigue 2001; Santelli and Siviero 2001; Soares Netto 2001) . In India, our group previously developed * 35,000 ESTs from normal, water-stressed and red rot infected tissues of the sub-tropical sugarcane varieties and identified EST clusters that showed differential expression for biotic and abiotic stresses (Gupta et al. 2010 ). In present endeavor, ESTs were developed from leaf tissues of a subtropical sugarcane variety CoS 767, and the transcriptome was further explored to identify genes expressed in leaf tissues. The ESTs thus generated were mined to identify SSR repeat motifs to enrich the marker resources.
Materials and methods

Plant material
The leaf tissues used for the construction of cDNA library were collected from 90 days old plants of the sugarcane variety CoS 767. It is a well-adapted variety of subtropical India, popular in the states of Punjab, Haryana, U.P., and Bihar. It belongs to the medium maturity group having medium thick erect tall canes with good cane yield (Srivastava et al. 1989) . The experimental sugarcane varieties were planted during Feb.-March at IISR research farm, Lucknow located at 26.56°N and 80.52°E and 111 m above mean sea level. The experimental site falls in subtropical zone of India having temperatures between 10 (min.) and 30°C (max.) during Feb.-March. Recommended package of practices was followed so as to raise a good crop.
RNA purification and preparation of cDNA library
For RNA isolation, leaf samples from three random plants were collected and pooled. The leaf tissues were rinsed with ice-cold DEPC-treated water so as to prevent RNA degradation, then quickly stabilized in liquid nitrogen and transferred to a -80°C deep freezer until RNA isolation. The total RNA was isolated following guanidine isothiocyanate-phenol method with minor modifications (Chomczynski and Sacchi 1987) . The poly (A)
? mRNA purification was then carried out from total RNA by affinity chromatography using oligo (dT)-cellulose and cDNA library was prepared using the ZAP Express cDNA Synthesis Kit (Stratagene) on the ZAP Express vector using manufacturer's protocol. In brief, the mRNA was converted into cDNA using 50-base oligonucleotide linkerprimer and reverse transcribed using StrataScript reverse transcriptase and 5-methyl dCTP. The uneven termini of the ds-cDNA were polished using Pfu DNA polymerase, and EcoRI adapters were ligated to the blunt ends. The size-fractioned and finished cDNA was cloned into the pBK-CMV ZAP Express vector in a sense orientation with reference to the lac Z promoter. The k-library was packaged in a high-efficiency Gigapack III Gold packaging extract system (Kretz et al. 1994 ) and was plated on the E. coli XL1-Blue MRF. Further, the primary leaf cDNA library was amplified to obtain a stable library in large quantity. The phagemids were excised using helper cell and cell mixtures were plated on Luria Agar containing X-gal and IPTG so as to select recombinant colonies for plasmid isolation and sequencing of ESTs.
Sequencing of the cDNA library and annotation of ESTs
The recombinant colonies were grown in Luria-Bertani broth in 96 deep-well plates. DNA sequencing of the cDNA clones was carried out using ABI Prism 3700 Genetic Analyzer. The data were recorded using Data Extractor software and, after the complete run, it was further analyzed with the help of the DNA Sequencing Analysis program. The cDNAs were sequenced from 5 0 end so as to generate EST sequences. Primary processing of EST sequences, quality trimming and base calling was done using the software PHRED (Ewing and Green 1998) , and vector/adapter sequences were screened using Cross Match (http://www.phrap.org/phrap_documentation.html). EST sequences of [ 299 bp with PHRED score [ 20 were submitted to the GenBank. The assembly software CAP3 was used to estimate the redundancy in the EST data and make sequence clusters (Huang and Madan 1999) . To establish the gene identity, ESTs were used to perform homology search in NCBI non-redundant (NR) database (www.ncbi.nlm.nih.gov/BLAST/) using BLASTn and BLASTx tools (Altschul et al. 1990 ).
In silico identification of SSR motifs in ESTs
Simple sequence repeats (SSRs) were mined from EST sequences using the program SSR Primer (http://hornbill. cspp.latrobe.edu.au/cgi-binpub/ssrprimer/indexssr.pl) with default parameters. This SSR Primer software searched for all possible repeat patterns with n C 7 for di-, n C 5 for tri-, and n C 3 for tetra-/penta-nucleotide repeat motifs against the Cluster Cap 3 consensus sequences. Further, this program also provided a list of all the possible primer sequences to amplify SSRs. Later, out of all the designed primers, 50 primer pairs were synthesized (Life Technologies, USA).
Validation of SSR primers
For validation, all the 50 SSR primers were used to amplify DNA of six sugarcane varieties, viz., CoS 767, Co 1148, CoJ 64, CoS 96268, CoLk 94184 and BO 91. In addition, the SSR primer (SUMSSR_38) was also tested to reveal the amplification pattern from 24 different sugarcane genotypes (Supplementary Table 1 ). For PCR amplification, total genomic DNA was extracted from lyophilized powdered young leaf tissues (500 mg) as per the method of Doyle and Doyle (1990) . The total reaction volume of PCR was 10 ll consisting of 10X PCR assay buffer (Fermentas, USA), 200 lM each of dNTPs (Fermentas, USA), 12 ng (1.8 pico Mole) both forward and reverse primers (Life Technologies, USA), 0.5 units of Taq DNA polymerase (Fermentas, USA) and 25 ng of genomic DNA. The amplification reactions were performed in a thermal cycler (BioRad, USA) using the following reaction parameters: 94°C for 5 min.; 33 cycles of 94°C for 1 min., 55°C for 1 min., 72°C for 2 min., and finally, a primer extension cycle of 7 min. at 72°C. Finally, the PCR amplified products were resolved on 10% polyacrylamide gel and visualized in a gel documentation system (G: Box; Syngene, UK). A flow chart representing series of steps for generation of ESTs, SSR identification and their validation has been given in Supplementary Figure 1 .
Results cDNA library preparation from sugarcane leaf tissue
With an aim to generate expressed sequence tags (ESTs), representative of the set of mRNAs expressed in mature leaf tissue of sugarcane variety CoS 767, a cDNA library was prepared and cloned into k-phage. The size of the primary cDNA library was 2.01 9 10 5 pfu/ml. The primary cDNA library was amplified using XL1-Blue MRF host cells to produce large and stable high-titer stocks (1.62 9 10 9 pfu/ml). Mass excision was carried out on the ZAP Express cDNA library to convert the library into the phagemid. Approximately 60% of the recombinant clones had the insert of 1-4 kb, and many of the inserts possessed internal EcoRI and/or XhoI sites.
Sequencing of leaf cDNA library
A total of 1440 clones from the leaf cDNA library were randomly selected for sequencing and further generation of ESTs. Out of 1440 sequences, 664 sequences were of \ 10 bp and discarded as failed sequences. The remaining 776 sequences ([ 10 bp) were used for downstream processing. Of these, 417 (54%) sequences had PHRED score 20 and were more than 299 bp in size (Supplementary Figure 2) ; such sequences were checked manually and 397 good quality sequences were submitted to GenBank (DV548660-DV549056). All the EST sequences were assembled using the software CAP3 with default parameters in order to remove redundancy (Huang and Madan 1999) . The characteristics of mature leaf library are furnished in Table 1 . The assembled data was manually verified to remove any misassembled sequence. This resulted in a final assembly containing 368 total reads assembled as 77 contigs, and rest of 1072 sequences remained as singletons (Table 1) . Analysis of these singletons revealed that there were 463 ESTs of good quality (Phred score [ 20) and the requisite size ([ 100 bp). Thus, it is clear that these sequences are unique in the present dataset, and due to lack of any overlapping partner, such sequences were considered as a separate group of the assembly. The sequence clustering resulted in the identification of 540 unique consensus sequences, thus making the level of redundancy at * 54%.
Homology search and identification of genes
The BLAST search using the NCBI non-redundant nucleotide as well as protein databases was performed for putative identification of ESTs and to corroborate their plant origin. The BLASTn analysis of 540 mature leaf unigenes revealed that 484 (* 90%) were homologous to nucleotide sequences, while 56 (* 10%) did not show any match indicating them to represent new or unreported genes. But BLASTx search from peptide sequence database showed 446 (* 83%) unigenes having homology, whereas, remaining 94 (* 17%) unigenes did not exhibit sequence similarity to peptide databases. Therefore, it was concluded that 10-17% unigenes were either new or nonreported. When subjected to BLASTn, among the total 540 unigenes, only 180 showed homology to known plant sequences, whereas, a large number (304) of ESTs showed sequence similarity to previously identified sequences from non-plant species ranging from bacteria to human. Of the 180 identified clones homologous to plant nucleotide database, 57 were similar to maize, 49 to rice, 37 to sorghum, 15 to sugarcane, 6 to Arabidopsis, 3 to Medicago, and the remaining 13 unigenes showed homology to other plant species (Supplementary Figure 3, Supplementary  Table 2 ). A few redundant clones were also detected during the sequence analyses; the database search indicated that the nucleotide sequences of such clones were not identical to each other, thus indicating further that these do not represent copies of the clone in cDNA library. A majority of them were homologous to different regions of the gene, however, small regions of sequence overlap between clones were also observed in some cases.
When subjected to BLASTx, 106 (* 19%) of the 540 unigene (NR) ESTs had an amino acid sequence homology significant to plant genes identified previously (Supplementary Table 3 ), while 340 (* 62%) showed homology to various non-plant species. Notably, three unigenes sequences showed homology to proteins reported from sugarcane. Further, the majority (* 72%) of unigenes exhibited homology to monocots like rice, maize, and sugarcane.
Functional classification of the leaf unigene ESTs
All ESTs regardless of their E-value and redundancy were included for functional classification. In a further attempt, proteins were grouped according to functional characteristics/cellular roles, rather on the basis of their biochemical identities. As opposed to specific binding or catalytic function specific roles were allocated on the basis of known or presumed involvement of a particular gene/protein in cellular processes. All identified non-redundant ESTs (unigenes) could be categorized into 18 metabolic functions. The major categories are bioenergetics and photosynthesis (4%), cell metabolism (5%), development-related protein (3%), membrane-related, mobile genetic elements (5%), signal transduction (2%), DNA (1%), RNA (1%) and protein (2%) metabolism, other metabolic processes (3%), transcription factors (1%), transport (4%), stress/defense related (4%) (Fig. 1) . The mobile genetic elements included polyproteins, transposon proteins, Ac-like transposases, putative GAG-POL precursor, putative copia-type pol polyprotein, RIRE2, putative arm repeat-containing protein, and retrotransposon protein. Further, a large number of unigene sequences were found to encode proteins with no definite identity/function, which included homology to hypothetical proteins (32%), unnamed Figure 4) , and the mean SSR length was 18.7 bp for all repeat classes except dinucleotides for which it was a bit higher (25.6 bp), with the maximum of 87 bp for (AG)n/(CT)n. A total of 46 SSR motifs (Supplementary Table 5 ), represented 4 types of direpeats, 7 types of tri-, 14 types of tetra-, and 21 types of pentanucleotides repeat motifs (Supplementary Figure 4) . As far as frequency of repeats is concerned, (AG)n/(CT)n was the most frequent dinucleotide motif that accounted for 57.8%, followed by (AC)n/(GT)n (37.8%) (Supplementary Figure 5) . The most common tri-nucleotide motif was (ATG)n/(CAT)n with 37.3% frequency, followed by (AAG)n/(CTT)n with 17.6%, and, (ACG)n/(CGT)n and (AGT)n/(ACT)n with 11.8%. The motif (GCC)n/(GGC)n was the least (2%) abundant motif among tri-repeats (Supplementary Figure 6) . In the case of tetra-nucleotides, the most abundant (47%) motif was (AGTG)n/(CACT)n, followed by (AGAT)n/(ATCT)n and (ATGT)n/(ACAT)n with 9.5% (Supplementary Figure 6) . The motif (ATGAG)n/(CTCAT)n with 12.5% was the most abundant penta-repeat followed by (AGAGA)n/(TCTCT)n (9.4%) (Supplementary Figure 6) . In totality, the most abundant (18.9%) repeat motif among the 212 motifs was (AGTG)n/ (CACT)n, followed by (AG)n/(CT)n motif (12.3%).
Functional identification of the EST clusters containing SSRs
In order to identify the putative function(s) of ESTs from which SSRs were derived, the corresponding EST was compared to NR protein database in GenBank using the BLASTx (Altschul et al. 1990 ). The clusters containing microsatellites showed homology to a wide range of proteins including enzymes, RNA-/DNA-binding proteins, regulatory proteins, membrane/cell wall-associated proteins, and stress-/defence-associated proteins (Supplementary Table 6 ). However, a majority (44.3%) of the clusters were associated with hypothetical proteins and also proteins with unknown functions. Few discrepancies were also noticed for some clusters (10.3%) that showed significant similarity in relation to an unnamed protein derived from human/virus gene product. 
Validation of EST-derived SSR primers
A total of 212 primers pairs were designed out of which 50 primers ( Table 2) that flank di-, tri-, tetra-or pentameric regions of SSRs were exploited to detect polymorphism across a set of six sugarcane varieties, viz., CoS 767, Co 1148, CoJ 64, CoS 96268, CoLk 94184 and BO 91. Of the 50 primer pairs, 36 (72%) yielded amplification products of different sizes; five of these primers produced monomorphic amplification products, while, the remaining 31 produced polymorphic products in at least one of the six genotypes analyzed. The remaining 14 (28%) EST-SSR primers failed to give any amplification. On basis of good amplification pattern, the primer SUMSSR_38 was used to further validate its amplification in another 24 sugarcane genotypes (Supplementary Table 1 ) producing more than one amplicon including the expected 330 bp DNA amplification product (Fig. 2) .
Discussion
Sugarcane is one the most important commercial crops that fulfills the demand of sugar and biofuel-ethanol. Even the best plant breeding techniques could not be exploited to their full potential for breeding sugarcane varieties mainly due to high polyploidy, heterozygosity, and chromosome mosaicism. Further, the interactions of introduced gene(s) in a complex genomic system pose a great challenge for transgenic technology. In previous studies, the sugarcane transcriptome yielding ESTs has allowed the identification of the gene(s) associated with biotic/abiotic stress response, disease resistance and sucrose accumulation as well. In plant species like Arabidopsis thaliana and Oryza sativa, the huge EST databases serve as a resource for unraveling genetic diversity and identifying gene transcripts and their regulation. In the present study, 20% of the leaf cDNA clones did find similarity to known plant-related gene sequences. A similar level of homology has been reported in leaf cDNA library from maize (Keith et al. 1993) . In contrast, Carson and Botha (2000) reported a much higher (26%) homology of immature leaf cDNA library from sugarcane. In the case of rice, a higher (25%) frequency was obtained (Yamamoto and Sasaki 1997), while it was 32% for cDNA clones from seedlings, roots, leaves, and inflorescences of Arabidopsis (Newman et al. 1994) . It has been reported that a significantly higher degree of identity is obtained if the experimental tissue was subjected to processes comprising of well-characterized proteins (Van De Loo et al. 1995) . A much higher (63%) proportion of clones showed a significant homology to sequences associated with genes not annotated from plant system. There might be a possibility that such gene(s) are not well-known in plants species. Results from the present study indicate that routine resubmission of clones without sequence similarity result in more identifications mainly due to new interim additions to the databases. A random sequencing of clones may result in the identification of genes belonging to the superabundant/abundant classes. Thus, in order to identify rare genes, it is imperative to sequence complete transcriptome, or alternatively, a normalized library could also be prepared. However, both these approaches are expensive due to the involvement of manpower and economic resources for large-scale sequencing of total cDNA libraries. The present study revealed the abundance of genes related to cell metabolism, mobile genetic elements, and transport in the leaf tissues with a significantly higher proportion of genes having roles in bioenergetics and photosynthetic pathways, indicating the high metabolic rate of the leaf tissues. In addition, some genes were identified as being stress-or defense-induced; whereas, a number of unigenes showed homology with genes with no significant role in plants. In some species, it could be possible that during evolution, genes associated with specialized mechanisms/critical functions may have been ''borrowed'' to form new genes with different functions, or which simply share some common functional domain, e.g., protein moonlighting (Jeffery 2003; Piatigorsky 2007) . This study indicated the presence of several types of clones more than once in sequenced cDNAs, indicating the occurrence of multiple copies of specific genes and their relative frequency.
A considerable proportion (5%) of leaf unigene (nonredundant) EST sequences showed homology to transposable elements (TEs) ( Table 3) ; this included gag/pol protein (Contig43), En/Spm sub-class (Contig16; SUM01-067-F06-A-047.g), transposon proteins (SUM01-067-E11-A-083.g, SUM01-075-E11-A-083.g, SUM01-070-C08-A-054.g), Ac-like transposase (SUM01-061-F09-A-075.g), putative polyproteins (SUM01-074-G01-A-004.g; SUM01-062-A01-A-001.g; SUM01-068-H04-A-032.g), and retrotransposon proteins (SUM01-069-B04-A-029.g; SUM01-070-A07-A-049.g). In most of the eukaryotes, TEs are present in high copy number and represent the largest component of the genetic material averaging 45% in the human genome and 50-80% in genomes of grasses (Feschotte et al. 2002) . The TEs produce sequence alterations in the gene(s) or may cause large genome rearrangements, both of which can result to altered gene expression/function (Bennetzen 2000) , indicating that such elements might have an adaptive function in eukaryote evolution (Feschotte et al. 2002; McClintock 1984) . The occurrence of a large number of TEs in the current study is in agreement with the reports from the Brazilian Sugarcane EST Sequencing Project (SUCEST; Rossi et al. 2001; Vettore et al. 2003; Vincentz et al. 2004 ). In sugarcane, in silico Physiol Mol Biol Plants (Kashkush et al. 2003) . Sugarcane is an example of such genomic rearrangements since it is believed to be the outcome of hybridization between two species, and such 'hybridity' is perpetuated through the routine vegetative propagation. The expression of retrotransposons were compared at different stages of polyploidization, and it was detected that out of 407,000 Zea mays (2n, 2500 Mbp) ESTs, 0.014% displayed similarity to retrotransposons (Meyers et al. 2001) , while * 2.4% each of the transcriptomes were reported to be composed of TEs in the polyploid plant like Triticum aestivum (6n, 17,000 Mbp; Li et al. 2004) and sugarcane (8n, 3150 Mbp; Vettore et al. 2003) . This suggests that copy number does change after polyploidization but progress after transcriptional activation in the highly polyploid and complex genome of sugarcane. The presence of one unigene EST (SUM01-068-G09-A-068.g) homologous to WD40 repeat proteins in leaf transcriptome is very interesting as these proteins play varied roles in developmental processes, e.g., RNA processing, transcriptional regulation (Williams et al. 1991; Hoey et al. 1993) , mitotic spindle formation (Vaisman et al. 1995) , regulation of vesicle formation and trafficking (Pryer et al. 1993 ) and cell division control (Feldman et al. 1997) , etc., and also function in a variety of histone/chromatin-modifying complexes. The current study suggests that this protein may have some cross-talk with other proteins involved in development.
The unigene sequence (SUM01-075-F04-A-031.g) showed homology to homeodomain proteins expressed in leaf tissues. The homeobox is a semi-conserved sequence motif of about 180 bp that controls multiple biochemical pathways and cellular processes, it has been identified in different crops like rice (Jain et al. 2008 ) and sugarcane (Papini-Terzi et al. 2009 ). Knotted-like homeobox (knox) genes encode homeodomain-containing transcription factors and are required for meristem maintenance and organ initiation (Langdale 1998) . In plants with simple leaves like Arabidopsis, expression of knox confined exclusively in the meristem and stem, while in those with dissected leaves, they are expressed in leaf primordia suggesting their possible role in leaf architecture diversity (Hake et al. 2004) .
In the present study, the number of clusters found with repetitive sequences demonstrates its potential for SSR marker development in simple, quicker and economical manner. A total of 540 unique EST sequences were used for SSR search, of which 97 (17.9%) contained specified SSR motifs, generating 212 unique SSRs, which clearly demonstrate that sugarcane ESTs are a valuable resource for mining SSR markers. Notably, in this study, a relatively high frequency of SSRs in the ESTs was observed compared to the previous reports in other plant systems, e.g., maize (1.4%), Medicago truncatula (3%), wheat (3.2%), Table 1 Physiol Mol Biol Plants Physiol Mol Biol Plants barley (3.4%), sorghum (3.6%) and rice (4.7%) (Kantety et al. 2002; Eujayl et al. 2004) . The frequency of SSRs has been reported to be dependent on a variety of factors, e.g., SSR search criteria, size of the dataset, database-mining tools, etc. (Varshney et al. 2005) . Sugarcane is highly heterozygous and harbor higher levels of genomic diversity (Ming et al. 1998; Soltis and Soltis 2000) ; both the conditions are favored by the occurrence of SSRs within coding sequences. In this study, redundancy was searched and eliminated manually prior to analysis so as to obtain an effective dataset. Since random sequencing within cDNA libraries generally leads to a high proportion of redundant ESTs, NR ESTs was used to avoid such overestimations. In the case of Arabidopsis thaliana, using a similar approach, Kumpatla and Mukhopadhyay (2005) reported 37.3% fewer SSR-ESTs. In the present study, tetra-nucleotide repeat was the most abundant, followed by tri-nucleotide repeats; interestingly, in sugarcane, it was found that AC/TG repeat was abundant. A similar high frequency of such a repeat has also been reported in soybean, maize, rice and wheat (Gao et al. 2003) . In terms of the reading frames, it has been opined that dinucleotide motif could represent multiple codons leading to the translation event (Kantety et al. 2002) . For example, the AG repeat motif may also be read as GA repeat which could be translated in to amino acids like Ser, Arg, Asp or Glu. In this study, among the dinucleotide motifs, AG and AC were the most abundant types, whereas, (CG)n motif was rare. The AG and AC motifs have been previously reported to be the most frequently observed SSRs in other plant systems (Gao et al. 2003; Saha et al. 2004; Scott et al. 2000) . In this scenario, the putative functions of these abundant species-specific motifs need detailed investigations. In plant systems, TC and CTT repeats were found to be typical of transcribed regions that occur in high frequency in the 5' untranslated regions (Kantety et al. 2002; Moccia et al. 2009 ). Such high frequency of (TC)n repeats might be due to its translation into Ala and Leu (Kantety et al. 2002) , which are present in proteins at high proportions of 8 and 10%, respectively. The (AT)n repeats are reported to be abundant in many plant systems (Morgante and Olivieri 1993) , but these were found to be rare in the current ESTs of sugarcane. Such rare occurrence of (AT)n SSRs is in accordance with previous reports in maize (Chin et al. 1996) , rice (Temnykh et al. 2000) , and Arabidopsis (Cardle et al. 2000) .
The trimeric motifs, (ACG)n, (AGA)n and (ATC)n were the most common (70%) in this study, which is in agreement with the reports in rice where 60% of EST-derived microsatellite sequences were trinucleotide repeats [e.g., (CCG)n, (ACG)n, (AGG)n, (ACC)n] (Temnykh et al. 2000) . A similar high frequency of (ATC)n repeats has also been reported in Arabidopsis (Cardle et al. 2000) . In a previous report in sugarcane (Cordeiro et al. 2001) , the (CCG)n motif was reported to be the most common motif, but interestingly, this motif was found to be rare in this study. Such discrepancy may be attributed to the differences in data size and SSR search criteria since these factors may significantly alter the estimates of frequency/ distribution of EST-SSRs (Varshney et al. 2005 ). This suggests a need to formulate universally acceptable criteria to identify SSR. Notably, the motif (AAT)n, reported to be rare in different members of Poaceae, e.g., barley, rice, maize, and sugarcane, as well as in Arabidopsis, was not detected in this study. This could be attributed to the fact that TAA-based variants code for stop codons (Chin et al. 1996) .
The putative functions of tri-nucleotide repeats in ESTs are under debate. Morgante et al. (2002) opined that twofold frequency of trinucleotide repeats in the coding region may lead to mutations including bias selection for specific single amino acid stretches. Gao et al. (2003) reported that trinucleotides were associated with genes for important functions like stress tolerance, transcription regulation, enzyme biosynthesis, signal transduction, etc. Notably, AAC repeats prevailing in wheat ESTs are associated with storage proteins like glutenin and gliadin, which impart quality. The establishment of a relationship between a trinucleotide repeat and its specific functional categories of genes could be the first step in characterizing novel trinucleotide repeat-containing genes.
The EST-derived SSR markers possess the inherent merits of the conventional genomic SSRs, in addition, they improve the ability to detect marker-trait associations since they are part of the transcribed domain(s). Due to this, in recent years, the emphasis has been shifted towards development of functional molecular markers to assay diversity in a natural population (Andersen and Lubberstedt 2003) . In addition, a practical advantage of EST-SSR markers is that these are highly transferable across the species mainly due to their higher sequence conservation (Varshney et al. 2005) . For EST-SSRs, an amplification success rate of 60-80% has been reported in different studies, e.g., 60-70% (sugarcane; Cordeiro et al. 2001 , Oliveira et al. 2009 ), 64% (barley; Thiel et al. 2003), 80.9% (coffee; Aggarwal et al. 2007 ). In the present study, a high proportion (72%) of EST-SSRs turn out to be functional, which could be due to the fact that primer pair encompasses large introns in the genomic regions. Oliveira et al. (2009) also reported such differences in the expected and observed size of the amplicons, which could be due to amplification of small introns. Nicot et al. (2004) opined that EST-SSRs that had smaller amplicon than expected size may result from a single deletion within the sequence framed by the two primers, non-specific annealing of the primers, duplication of the EST sequences in the genome, EST from multigenic family, or a primer designed from the conserved domain.
The identified EST-SSRs were validated in six sugarcane genotypes, and one primer pair was also tested with 24 genotypes. Results from these experiments revealed a high level of polymorphism. Such observations are in conformity with the previous reports of Oliveira et al. (2009) and Singh et al. (2013) . This suggests that the markers revealing high polymorphism could be useful in the assessment of parentage as well as linkage mapping studies. The EST-SSR primers on account of greater DNA sequence conservation have been reported to yield less polymorphism compared to the genomic SSRs (Pinto et al. 2006; Oliveira et al. 2009 ). In this study, using ESTsderived SSRs, the putative function could be deduced for 28% of ESTs, and which may increase with further enrichment of protein databases. The remaining (72%) ESTs-derived SSRs revealed 'no-hit' (18%), 'other proteins' (10%) or 'hypothetical protein' (44%); these may illustrate the specific transcriptome of sugarcane genotype CoS 767, which is yet to be well characterized for its putative functions.
The genomic complexity and high polyploidy of the present-day sugarcane cultivars necessitate identifying a large number of markers for the comprehensive genome analysis. The abundance of polymorphic microsatellites in the transcribed regions makes EST libraries a valuable resource for an enrichment of genomic information in genetic studies. It is expected that the EST-derived markers developed in this study would make a substantial contribution in the delineation of structure/function of sugarcane genome, and ultimately benefit ongoing sugarcane improvement programs. 
